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Abstract: We investigate the effects of the refractive index of the
encapsulant on the light-extraction efficiency (LEE) of light-emitting diodes
(LEDs) for GaN LEDs (n =2.5) and AlGalnP LEDs (n = 3.0). For non-
absorbing rectangular parallelepiped LED chips, as the refractive index of
the encapsulant increases, the LEE first increases quasi-linearly, then
increases sub-linearly, and finally a saturation is reached. Furthermore,
LEDs with a dual-layer graded-refractive-index (GRIN) encapsulant
(Mencapsutantt = 1.57 and Repcapsulane = 1.41) is fabricated through a two-step
curing process. We demonstrate that such an LED further enhances the LEE
by reducing Fresnel reflection loss at the encapsulant/air interface by 35%
compared with an LED encapsulated with a single-layer encapsulant
(nencapsulant = 1.57).
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One of the fundamental obstacles facing light-emitting diodes (LEDs) is the occurrence of
trapped light inside a high-refractive-index semiconductor [1]. As a result of the total internal
reflection (TIR), incident light at a semiconductor/air interface is trapped if the angle of
incidence is larger than the critical angle for TIR, c. Thus the light-extraction efficiency
(LEE) of LED:s is severely reduced. For example, a planar GaN LED has a LEE as low as
25% [2]. A variety of methods have been reported to increase the LEE of LEDs, including
LEDs with textured surfaces [3], LEDs with photonic crystals [4,5], LEDs grown on patterned
substrates [6], LEDs with optimized die shapes [7], and LEDs coated with graded-refractive-
index anti-reflection coatings [8,9]. Nevertheless, the fundamental obstacle of light extraction
still lies in the large refractive-index contrast between the semiconductor and air.

In order to overcome this obstacle, the LED chip is encapsulated in an encapsulant so that
both 6c and the size of the light-escape cone can be increased. So the refractive index of the
encapsulant is of great importance to the LEE of LEDs. Thus, we study the effects of the
refractive index of the encapsulant on the LEE of GaN LEDs as well as AlGalnP LEDs. The
study includes an analytical calculation, a numerical calculation, and a three-dimensional (3D)
ray-tracing simulation. Furthermore, LED lamps using different LED chips and encapsulants
of different refractive indices are fabricated and measured.

LEDs encapsulated with a multiple-layer graded refractive index (GRIN) encapsulant can
further enhance the LEE by reducing Fresnel reflection loss at the encapsulant/air interface
[10]. Fresnel reflection loss occurs at the encapsulant/air interface mainly due to the large
refractive-index contrast between the encapsulant and air. Other factors, such as the curvature
of the encapsulant, the shape of the reflector cup, and the relative position of the LED chip
inside the encapsulant, can also affect Fresnel reflection loss by altering the angle of incidence
at the encapsulant/air interface [11,12]. One solution to reduce Fresnel reflection loss is to use
a multiple-layer GRIN encapsulant, where the refractive index gradually decreases from the
first layer which is in contact with the semiconductor, to the last layer which is in contact with
air. Compared with the single-layer encapsulant, the multiple-layer GRIN encapsulant can
minimize Fresnel reflection loss at the encapsulant/air interface by reducing the refractive-
index contrast between the encapsulant and air, thus the LEE of LEDs is further enhanced.

One type of LED chip used in this study has a III-Nitride based active region (n = 2.5)
with a peak emission wavelength of 470 nm and a chip area of 600 x 200 um* (GaN LEDs).
The other type of LED chip has a III-Phosphide based active region (n = 3.0) with a peak
emission wavelength of 615 nm and a chip area of 600 x 600 um” (AlGaInP LEDs). The LED
chips are encapsulated with silicones of three different refractive indices (Mencapsutant = 1.41,
1.46 and 1.57) using a 5-mm-round-top molding cup. All silicones are specified by the
manufacturer to have a transparency higher than 99% at the thickness of 1 mm for
wavelengths ranging from 450 to 800 nm. In addition, unencapsulated LED chips (without
any encapsulant) are fabricated and measured. The light output power (LOP) of LEDs is
measured by using an integrating sphere. LEDs encapsulated with a multi-layer GRIN
encapsulant can further enhance the LEE by reducing Fresnel reflection loss at the
encapsulant/air interface. In order to demonstrate this concept, LED lamps encapsulated with
a dual-layer GRIN encapsulant (Rencapsutantt = 1.57 and Aepcapsutane = 1.41) are fabricated and
measured. The measured results are compared with those of LEDs encapsulated with a single-
layer encapsulant as well as with analytical calculation results.

The LEE of LEDs with encapsulation can be analytically calculated by
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where 71 gg(encapsutated) A0 1 EEunencapsulaied) aT€ LEES of encapsulated and unencapsulated LEDs,
respectively; Oc encapsulant and Oc i are critical angles for TIR at the semiconductor/encapsulant
and the semiconductor/air interfaces, respectively; and nencapsutant A0 Hgemiconductor aT€ Tefractive
indices of the encapsulant and the semiconductor, respectively. The LEE calculated from Eq.
(1) is shown in Fig. 1. Inspection of the figure reveals that the LEE of an encapsulated LED
increases quasi-linearly with 7encapsulane Without saturation. However, in Eq. (1) it is assumed
that the total escaping light is the sum of the light escaping from each light-escape cone. This
does not apply for real LEDs: for example, there are six light-escape cones in a conventional
rectangular parallelepiped LED chip, corresponding to its six surfaces. As a result of the
expansion of each light-escape cone (as 7epcapsulant iNCreases), at a certain point these light-
escape cones will overlap with each other. Thus the total escaping light is less than the sum of
the light escaping from each light-escape cone. So the quasi-linear relationship between the
LEE of LEDs and fepcapsulane Will only hold true in the low-refractive-index region, but not in
the high-refractive-index region, as shown in Fig. 1.
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Fig. 1. Analytical calculation of the LEE as a function of the refractive index of the
encapsulant for GaN LEDs and AlGalnP LEDs.

A numerical calculation, which takes the overlapping among light-escape cones into
account, is performed to calculate the LEE of LEDs. The calculation is based on an isotropic
light-emitting source placed at the center of a non-absorbing rectangular parallelepiped LED
chip. Using rays emitting into random directions, we determine which rays are inside the
light-escape cones and which rays are not. And the LEE is defined as the number of escaping
rays over the total number of rays. According to the calculation, for a non-absorbing

rectangular parallelepiped LED, when 0c < 45°, i.e. whenn,, ., < (\/5 / 2) Ngmiconductor » LNETE

is no overlap among the six light-escape cones. Thus the LEE increases quasi-linearly with 6¢
and  Aepcapsuane @8 predicted by Eq. (1). However, when 45° < 0. < 54.7° i.e.
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When(ﬁ / Z)nsmm‘duCtor < Apeapsutant < (\/g / 3)}1%"‘@“ductor , the light-escape cones begin to

overlap with each other. Thus the LEE increases sub-linearly with 6 and 7encapsutants Since the
overlapping among light-escape cones also increases with fc. And when 54.7° < 6- < 90°, i.e

when (\/g / 3) Memiconductor = Mencapsutant. < Msemiconducior » tN€ LEE saturates. This is shown in Fig. 2(a).
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Fig. 2. (a) The numerically calculated LEE as a function of 6c at the
semiconductor/encapsulant interface for a non-absorbing rectangular parallelepiped LED. (b)
Numerical calculation results and the 3D ray-tracing simulation results of the LEE as a
function of the refractive index of the encapsulant for GaN LEDs. (c) Numerical calculation
results and the 3D ray-tracing simulation results of the LEE as a function of the refractive
index of the encapsulant for AlGalnP LEDs.

Furthermore, a 3D ray-tracing simulation is performed to obtain the LEE of LEDs. The
simulated LED die size is 1 mm X 1 mm and the LED thickness is 4 um. Fresnel reflection
losses are included in all simulations. LEDs with various absorption coefficients are
simulated. The 3D ray-tracing simulation results and the numerical calculation results for
GaN LEDs and AlGalnP LEDs are shown in Fig. 2(b) and Fig. 2(c), respectively. We find
that the 3D ray-tracing simulation results agree very well with the numerical calculation
results for both types of non-absorbing LEDs, i.e. as Mencapsulane inCreases, the LEE first
increases quasi-linearly, then increases sub-linearly, and finally a saturation is reached.
However, when an LED has a relatively low absorption coefficient (¢ = 1 mm™"), the sub-
linear region is extended since the saturation region diminishes due to the absorption. While
an LED with a relatively high absorption coefficient (¢ = 10 mm™") has an LEE that increases
super-linearly with nepcpeuane due to the strong absorption of the LED, as shown in Fig. 2(b)
and Fig. 2(c).

For encapsulants having a refractive index between 1.4 and 1.6, it is expected that within
this range the LEE increases quasi-linearly with nepcapsutane for both GaN LEDs and AlGalnP
LEDs. Figure 3 compares the measured LOPs with the 3D ray-tracing simulated LEEs. As
shown in Fig. 3, the measured LOP of both types of LEDs increases quasi-linearly with
Nencapsulan- FOr GaN LEDs, the LOP of LEDs encapsulated with high-n (#encapsutane = 1.57)
encapsulants shows a 5% and 15% enhancement compared with LEDs encapsulated with
medium-n (Nencapsulant = 1.46) and 1ow-n (Mepcapsuant = 1.41) encapsulants, respectively. And it
shows a 138% enhancement compared with the unencapsulated LEDs. For AlGalnP LEDs,
the LOP of LEDs encapsulated with high-n (fencapsulane = 1.57) encapsulants shows a 12% and
15% enhancement compared with LEDs encapsulated with medium-n (fencapsutant = 1.46) and
low-n (Rencapsuiamt = 1.41) encapsulants, respectively. And it shows a 90% enhancement
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compared with the unencapsulated LEDs. The 3D ray-tracing simulation results show very
similar trends with the measured results when ag,y = 1 mm" and OAlGarmp = 10 mm™". These
absorption coefficients are reasonable values for both types of materials [13].
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Fig. 3. Comparison between the measured LOP and the 3D ray-tracing simulated LEE as a
function of the refractive index of the encapsulant for GaN LEDs and AlGalnP LEDs.

LEDs encapsulated with a multiple-layer GRIN encapsulant can further enhance the LEE
by reducing Fresnel reflection loss at the encapsulant/air interface. In order to demonstrate
this concept, LED lamps with a dual-layer GRIN encapsulant are fabricated through a two-
step curing process. At first, the LED chip is die-bonded to the reflector cup and wire-bonded
to the electrodes. After that, a high-n silicone is filled into the whole reflector cup so that the
LED chip is completely covered. The surface tension of the silicone would result in a dome
shape. After that, the LED lamp is heated to cure the high-n silicone. And then the lamp is
inserted into a molding cup which contains a low-n silicone. Finally, the lamp is heated again
to cure the low-n silicone. The inset of Fig. 4 shows the schematic diagram of such a LED
lamp, where nencapsutancs = 1.57 and nencapsuiane = 1.41. The thickness of each layer of the
encapsulant is much larger than the wavelength of the emitted light and the interface between
two layers is not apparent by visual inspection.
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Fig. 4. Measured LOP as a function of the refractive index of the encapsulant for
unencapsulated AlGalnP LED chips, AlGalnP LEDs encapsulated with encapsulants having
different refractive indices (Mencapsutant = 1.41 and 1.57), and AlGalnP LEDs encapsulated with a
dual-layer GRIN encapsulant (Mencapsutant = 1.57 and Bencapsuianz = 1.41). The inset shows the
schematic diagram of a fabricated AlGalnP LED encapsulated with a dual-layer GRIN
encapsulant.

Compared with LEDs encapsulated with a single-layer encapsulant (fencapsutant = 1.57),
LEDs encapsulated with a dual-layer GRIN encapsulant (Mepcapsutantt = 1.57 and Aencapsulan2 =
1.41) have a higher LEE, as shown in Fig. 4. The outer lower-n encapsulant can reduce the
refractive-index contrast between the inner higher-n encapsulant and air, while the inner
higher-n encapsulant still effectively extracts the light out from the semiconductor. The
analytical calculation based on Fresnel’s law shows that the reflection at the encapsulant/air
interface is decreased by 35% for LEDs encapsulated with a dual-layer GRIN encapsulant
(Mencapsutantt = 1.57 and Rencapsuiane = 1.41), corresponding to a LEE enhancement of 2%
compared with LEDs encapsulated with a single-layer encapsulant (Mencapsutant = 1.57). The
measured results, as shown in Fig. 4, agree with the calculated results. The reduction of
Fresnel reflection loss is limited by the small range of refractive indices of encapsulants
(currently from 1.4 to 1.6). For example, compared with LEDs encapsulated with a single-
layer encapsulant with nepcapsulane = 1.57, the Fresnel reflection loss is expected to be reduced
by 49% for LEDs encapsulated with a dual-layer GRIN encapsulant with nencapsutants = 1.57
and nencapsulant2 =1.25.

In summary, we investigate the effects of the refractive index of the encapsulant on the
LEE of GaN LEDs and AlGalnP LEDs. For non-absorbing rectangular parallelepiped LED
chips, as nepcapsutane increases, the LEE first increases quasi-linearly, then increases sub-
linearly, and finally a saturation is reached. Furthermore, LEDs with a dual-layer GRIN
encapsulant (Repcapsutantt = 1.57 and Aepcapsulanz = 1.41) are fabricated through a two-step curing
process. We demonstrate that such an LED can have a higher LEE by reducing Fresnel
reflection loss at the encapsulant/air interface by 35% compared with an LED encapsulated
with a single-layer encapsulant (Mencapsutant = 1.57).
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